Inhibition of return (IOR) is an attention mechanism that expedites the search of an object in our environment. Results in different studies support either a perceptual or motor account of IOR. One problem with the perceptual account is that IOR has not been observed in temporal order judgment. Here we demonstrate that IOR can be observed in a temporal order saccade task where eye movement instead of manual response is used to select the target. The result suggests the importance of monitoring eye movement in studies of IOR.
Introduction
A response to a visual target presented at a precued spatial location is facilitated if the target is presented shortly after the cue and inhibited when the cue target onset asynchrony approaches a few hundred ms. The latter effect is termed inhibition of return (IOR) of attention (see Klein, 2000 for a review; Posner, Rafal, Choate, & Vaughan, 1985) . It is suggested that, by directing attention away from a spatial location that has just been attended to, IOR provides an important behavioral strategy for effective foraging in our complex visual environment (Klein, 1988) . One intriguing question is: why has IOR not been observed in line motion illusion and temporal order judgment, where attention mediates a perceptual bias (Gibson & Egeth, 1994; Klein & Schmidt, 1998; Maylor, 1985; Schmidt, 1996) ? In studies of temporal order judgment, for instance, the target at the cued location appeared to precede the one at an uncued location, though in fact the two appeared at the same time. This facilitative effect was seen for a cue target onset asynchrony up to approximately 100 ms but an inhibitory effect was not observed afterwards. This observation is particularly intriguing in that experiments on identity-and location-based discrimination and evoked potential studies have suggested a perceptual origin for IOR (Cheal, Chastain, & Lyon, 1998; Handy, Jha, & Mangun, 1999; Hopfinger & Mangun, 1998; Pratt & Abrams, 1999; Pratt, Kingstone, & Khoe, 1997) . One possibility certainly is that IOR is a motor phenomenon and perceptual mechanisms play no role in its generation (Rafal, Calabresi, Brennan, & Sciolto, 1989) . Here we consider an alternative that perhaps would provide new light to resolve the discrepancy.
A previous study demonstrated that the magnitude and time course of IOR depends on the response modality (Li & Lin, 2002) . In particular, despite a perceptual origin of IOR, engagement of eye movement appears to play a critical role in eliciting this inhibitory effect. Based on these results, we postulate that IOR is observed in perceptuo-motor processing only when an oculomotor output is required. To test this hypothesis, we carried out a temporal order saccade task, in which one-target trials were interleaved with trials in which two targets appeared with different temporal offset. Instead of the button press used in previous studies, the subject chose the target that appeared first by performing a saccadic eye movement to the target: the subjects ''judged'' the temporal order of stimuli by oculomotor selection. To anticipate the results, we observed a robust IOR for temporal order saccades, which carried a time course mirroring that of the saccades in one-target trials.
Methods

Visual stimuli and behavioral task
The visual stimuli were generated by a personal computer using VGA graphic card and displayed in synchrony with screen refresh at 60 Hz. The behavioral task is illustrated in Fig. 1 2 ) served as the ''cue'' and the target was a circle 0.7 deg in diameter and 18.75 cd/m 2 of luminance. In two thirds of the trials (one-target trials), a single target appeared at the cued or the uncued location with equal probabilities (i.e., the ''cue'' did not predict the location of the target). There are 7 ðSOAÞ Â 2 ðcue locationÞ Â 2 ðtarget locationÞ Â 96 ðrepetitionsÞ ¼ 2688 one-target trials in an experiment. In the other one third of trials, two targets appeared with a temporal offset of 17, 50 or 83 ms, each within one of the two boxes. The first target appeared at the cued location in half of the trials. There were thus 7 ðSOAÞ Â 2 ðcue locationÞÂ 6 ðoffsetsÞ Â 16 ðrepetitionsÞ ¼ 1344 two-target trials in an experiment. We employed a higher proportion of one-target trials to minimize subjects' expectancy of two targets.
Apparatus and procedures
Nine human subjects, 22-38 years of age and two of whom were the authors, participated in the experiment, after their written informed consent was obtained. All subjects had normal or corrected-to-normal vision. The experiments were carried out in a dark room. Subjects were seated 50 cm in front of a ViewSonic P815 monitor, head stabilized with a chin rest. The experiment was divided into 16 blocks and carried out on separate days. Eye positions were recorded with a video-based eyetracker (Eyelink â , SR Research, Toronto) with a sampling rate of 250 Hz and a spatial resolution of 0.1 deg, and were corrected for head movement. Saccade onset was defined as the time when the eye movement velocity exceeded 30 deg/s. Subjects initiated a trial by pressing the space bar on the keyboard and were allowed their own pace in the experiment. A practice session was run before the experiment proper. The subjects were informed of the mixture of the one-target and two-target trials and instructed to make a saccade to the first target as rapidly as possible after target onset. A trial was aborted if the subject failed to maintain fixation, to initiate a saccade within 500 ms (reaction time or RT error), or to land a saccade within a spatial window of a circle 2 deg in diameter and centered on the target (spatial error). The aborted trial was inserted at the end of the ''stack.''
Data analysis
The trials with a latency less than 100 ms were considered anticipatory and excluded from the analyses. For the one-target trials, we obtained the latency difference between the valid and invalid trials, with the data of rightward and leftward saccades combined. A positive latency difference represents inhibition as a Fig. 1 . Behavioral paradigm for temporal order saccades. A center fixation point appeared along with two square boxes at the beginning of each trial. The R or L box brightened for 33 ms to serve as a spatial cue after the subject acquired fixation for 600 ms. After a pseudorandomized SOA (67, 100, 150, 200, 400, 700 or 1200 ms), one target (T) appeared to the R or L with equal probabilities in 2=3 of trials (one-target trials). A valid trial with the cue and target appearing at the same location is illustrated here. In the other 1=3 of trials (two-target trials), two targets (T 1 & T 2 ) appeared with an offset of 17, 50 or 83 ms. Subjects maintained their eyes within a window of 1 deg Â1 deg throughout fixation and made a saccade as directed by the target within 500 ms after target onset. result of spatial pre-cuing. For the two-target trials, the dependent measure was the frequency of the saccade made to the target at the cued and at the uncued location. We first obtained for each SOA Z transformations of the response frequencies for all temporal offsets between the two targets. We then extrapolated from a linear fit of the Z transformations the temporal offset required to achieve ''simultaneity'' for the two targets--i.e., an equal frequency of saccade directed to the target at the cued and uncued locations (Maylor, 1985) . Data of the trials with the cue presented at the left and at the right were combined. A positive temporal offset represents inhibition as a result of spatial pre-cuing. Repeated measures ANOVA was used to examine if there is any difference in the pattern of inhibition between the two trial types (trial type Â SOA interaction).
The p values shown were the results of multivariate tests.
Results
The mean error rate across all subjects, as a result of blinks and failures to maintain fixation, is 8.1%. The mean RT and spatial error rates are less than 1% and 0.5%, respectively, and do not differ between the onetarget and two-target trials (p ¼ 0:9, RT error; p ¼ 0:19, spatial error, paired t-test). In an average of 4.5% of the two-target trials, subjects made two successive saccades, each to one of the two targets. The results were examined both with and without these trials included in the analyses. Table 1 shows the reaction times averaged across subjects of cued and uncued saccades at each SOA for the one-target trials. Table 2 shows the frequency of saccades, averaged across subjects, made to the cued and uncued target at each SOA for the two-target trials. With or without the two-saccade trials included in the analyses, the results revealed a robust IOR in temporal order saccades, similar to that observed for the saccades in one-target trials (Fig. 2) . In the one-target trials, the latency of valid trials is shorter than that of invalid trials when the SOA is short and becomes longer when SOA approaches 150 ms. The latency difference peaked at the SOA of 400 ms. In the two-target trials, the temporal offset required for the target appearing at the cued location to appear at the same time as the one appearing at the uncued location is negative for short SOA and becomes positive after an SOA of 100 ms. And the temporal offset required for this simultaneity peaked at the SOA of 400 ms. Repeated measures ANOVA showed that while the magnitudes of inhibition in both trial types varied significantly with SOA (p < 0:02, twosaccade trials excluded or included), the two curves followed an indistinguishable time course (p > 0:49, trial type Â soa interaction, two-saccade trials excluded; p > 0:55, two-saccade trials included). Moreover, linear Table 2 Mean ( regression showed that the magnitude of IOR appears to be correlated for the two trial types, although the correlation was only close to statistical significance (p ¼ 0:06, R 2 ¼ 0:41, two-saccade trials excluded; p ¼ 0:04, R 2 ¼ 0:44, two-saccade trials included, Fig. 3 ).
Discussion
In the two-target trials, subjects selected the target at the pre-cued location when the cue target onset asynchrony is shorter than 100 ms, a result consistent with earlier reports on the facilitatory effect of spatial attention in temporal order judgment (Hikosaka, Miyauchi, & Shimojo, 1993) . Additionally, we observed a strong inhibitory effect when the SOA extends beyond 100 ms--an IOR in a temporal order task that has heretofore not been observed. Whether an IOR can be obtained in a temporal order task thus depends on the response modality in the behavioral task.
The result suggests that motor activation at least plays a modulatory role in the generation of IOR and that a strictly perceptual account of IOR is untenable, as has also been observed in earlier studies (Abrams & Dobkin, 1994; Abrams & Pratt, 2000; Rafal et al., 1989) . On the other hand, the finding that an oculomotor response is required to reveal IOR does not necessarily support an overriding role of the motor mechanism in the generation of this inhibitory effect (Klein, 2000) . A predominantly motor account has to reconcile with studies that demonstrated IOR in identity-and locationbased discrimination (Cheal et al., 1998; Pratt & Abrams, 1999; Pratt et al., 1997) . Instead, this result could suggest that IOR involves an intrinsic link to the neuronal machinery for eye movement planning and execution. Therefore, along with the results obtained in an earlier experiment (Li & Lin, 2002) , the current study broadly agrees with those that support a mixed perceptual and motor explanation of IOR (Kingstone & Pratt, 1999; Rafal, Egly, & Rhodes, 1994; Taylor & Klein, 2000) . It further extends our understanding of IOR by suggesting that oculomotor activation is required for IOR to occur, at least in a temporal order task. One is to note that, although IOR has been reported in studies involving manual responses, eye movement was either not monitored (Briand, Larrison, & Sereno, 2000; Maylor, 1985; Reuter-Lorenz & Rosenquist, 1996) or monitored only up to the point before the target appears (Pratt & Abrams, 1999; Taylor & Klein, 2000) . It is possible, perhaps even likely, that the Fig. 2 . IOR for the one-target (a, data of rightward and leftward saccades combined) and two-target trials (b, data of R and L cues combined). Both lines connect means of the nine subjects across the SOA's. Error bars represent standard deviations. For the one-target trials, a positive value reflects a latency increase for saccades made to the precued location (i.e., valid trials). For temporal order saccades in the two-target trials, a positive value represents how much the target at the precued location would have to appear ahead of the one at the uncued location for simultaneity to occur. The two curves follow a similar time course. See text for statistics. Fig. 3 . Correlation across individuals between the peak magnitudes of IOR for one-target and two-target trials. Each point represents the data of an individual subject. IOR was observed in these studies as a result of the execution of unmonitored eye movements. Further experiments are required to verify whether oculomotor planning is also a necessary condition in a discrimination-based perceptual task.
